We report a hybrid integrated external cavity, multi-wavelength laser for high-capacity data transmission operating near 1310 nm. This is the first demonstration of a single cavity multi-wavelength laser in silicon to our knowledge. The device consists of a quantum dot reflective semiconductor optical amplifier and a silicon-on-insulator chip with a Sagnac loop mirror and microring wavelength filter. We show four major lasing peaks from a single cavity with less than 3 dB power non-uniformity and demonstrate error-free 4 × 10 Gb/s data transmission. 
Introduction
The growth of Internet traffic due to the ever-increasing popularity of mobile devices, highdefinition video, big data, and cloud computing [1] demands high-speed, low-cost and low power consumption communication technology. Silicon photonics is a promising platform for addressing such needs because it enables compact device footprints using a platform compatible with the manufacturing facilities used for complementary metal-oxidesemiconductor (CMOS) electronics. The last decade witnessed substantial progress in research, development, and early commercialization of silicon photonics [2] [3] [4] [5] [6] [7] [8] .
Microring resonator is a unique device enabled by submicron silicon waveguide and the high index contrast between silicon and silicon oxide. Microring modulators can be more energy efficient, and orders of magnitude smaller than travelling wave Mache-Zehnder modulators [9, 10] . Microrings are also widely used as wavelength filters and multiplexers, which are compact and thermally tunable [11] . High-order ring filters with flattened top and steep out-of-band rejection have also been reported [12] . Ring resonance stabilization that mitigates thermal and fabrication sensitivity has been demonstrated as well [13] . Another major advantage of the microring is its intrinsic wavelength division multiplexing (WDM) capability. A microring based WDM data transmission system is illustrated in Fig. 1 . On the transmitter side, light at different frequencies from a comb source is modulated by multiple ring modulators on a common bus waveguide. On the receiver side, signal in different channels is first dropped using a microring filter, and then fed into a photodetector. High performance microring modulators [9, 10] , wavelength filters [11, 12] and germanium photodetectors [14, 15] have been extensively studied. Having an integrated comb source is critical to the microring based WDM transceiver, but such source still remains elusive in the literature. A comb source could be made of an array of lasers followed by a wavelength multiplexer [16, 17] , but laser arrays are usually expensive due to the limited yield and relatively low manufacturing volumes of III/V single-mode compound devices. The other option is to use a single laser that simultaneously generates multiple lasing peaks. One way to build such a multi-wavelength laser is to utilize fiber nonlinearity. Successful generation of 1520 wavelengths and 31.8 Tb/s transmission was demonstrated in [18] . But nonlinear fiber based comb sources are bulky and hard to integrate. Monolithic nonlinear comb sources demonstrated [19, 20] are promising for sensing and metrology, but their efficiency needs to be significantly improved for data transmission. Conventional semiconductor Fabry-Perot (FP) lasers support multiple longitudinal modes, but the amplitude of each mode can fluctuate significantly even if the total power is stable, due to competition for optical gain among different longitudinal modes, which is also called mode partitioning [21] . Thus an individual longitudinal mode in FP lasers cannot be modulated for data transmission [22] . More recently, it was reported that quantum dot (QD) FP lasers have much lower mode partition noise due to strong spectral hole burning [23] [24] [25] . While QD FP lasers seem like they could be a plausible multi-wavelength source, they are not directly integrable into a silicon photonics transceiver. The flexibility of having part of the cavity in the silicon opens the possibility of convenient channel spacing selection, linewidth reduction, efficient thermal wavelength tuning, direct integration with transceivers, and many other applications.
In this paper, we report the first external cavity multi-wavelength laser fabricated by integrating a QD reflective semiconductor optical amplifier (RSOA) and a silicon photonics chip. The QD RSOA is the gain medium with low mode partition noise, while a half-cavity on the silicon chip provides lithographically defined wavelength selective reflection. We show four major lasing peaks near 1300 nm. Error-free data transmission on each wavelength is also demonstrated.
Device design
The diagram of the laser is shown in Fig. 2 . The QD RSOA is based on Indium Arsenide quantum dots in Gallium Arsenide with Aluminum Gallium Arsenide barriers, and is commercially available [26] . It has a specified facet reflectivity is > 99% for the high reflective end and < 0.1% for the anti-reflective end. The waveguide on the anti-reflective end is also curved to reduce reflection into the cavity. A photo of the QD RSOA chip, together with the rest of the device setup, is shown in Fig. 3 . The half-cavity on the silicon chip consists of a Sagnac loop mirror and a microring wavelength filter. The Sagnac loop is made by connecting two waveguide on one side of a directional coupler, which is a simple and robust way to build on-chip mirrors in silicon photonics [27] as well as silica planar lightwave circuits [28] . Its reflectivity can be accurately controlled by setting the proper coupling length in the directional coupler. In this device, the two strip waveguides in the directional coupler are 500 nm wide, 220 nm thick, and separated by 200 nm edge to edge. Coupling length is set to 15 µm to achieve 50% reflection. However, a Sagnac loop mirror only provides broadband reflection, so a microring wavelength filter is inserted in the cavity for wavelength selection. The ring radius is 35 µm, with 2 µm straight waveguide in coupling region, corresponding to a free spectral range (FSR) of 2 nm. The measured transmission spectrum of this microring filter is shown in black dashed line in Fig. 4 . The Y-junction in between the two grating couplers is a well-characterized device [29] , and it enables us to measure the grating coupler efficiency using a commercial test laser. To reduce the coupling loss at the RSOA/silicon interface, light in the submicron silicon waveguide is first coupled into a silicon nitride waveguide using an inverse taper. The silicon nitride waveguide is adiabatically tapered wider in the horizontal direction to match the RSOA waveguide width. In the vertical dimension, the nitride waveguide is only 200 nm thick, which leads to a much lower confinement factor and allows the modal field to extend into the oxide cladding to better match the RSOA mode. The designed nitride waveguide mode field diameter is 3.5 µm × 0.7 µm, close to a typical SOA mode size.
Device characterization

Chip alignment
The silicon chip was polished after wafer dicing to create a flat and smooth facet for butt coupling. No anti-reflective coating was applied on the silicon chip. Then both the RSOA and the silicon chip were mounted on six-axis stages for alignment. The RSOA chip was kept at 25 °C using a thermo-electric cooler (TEC), while the silicon chip remained at the ambient temperature of the metal stage. 210 mA of pump current was provided to the RSOA from a DC source during alignment. A lensed fiber coupled to the 0.1% anti-reflective facet was used to monitor the cavity ASE or lasing power as a feedback for active alignment. After the QD RSOA and silicon chip were properly aligned, a fiber array was brought in to capture the output from the grating coupler. An image of the testing setup is shown in Fig. 3 , as well as a zoomed-in view of the silicon chip/RSOA interface. 
Laser spectrum and LIV
The output of the fiber array was connected to an optical spectrum analyzer. The displayed spectrum is plotted in Fig. 4 , as well as the intra-cavity microring filter transmission spectrum. Multiple lasing peaks were demonstrated, and the laser mode spacing matches the FSR of the microring filter, which is 2 nm as mentioned earlier. Four major lasing peaks were observed between 1300 nm and 1308 nm, with less than 3 dB power non-uniformity. 
Data transmission experiment
To validate the viability of the multi-wavelength laser for WDM data communication applications, each laser peak was filtered out using a tunable filter and modulated using a Lithium Niobate Mache-Zehnder modulator. The data stream used for modulation is a 10 Gb/s non-return to zero (NRZ) 2 7 -1 pseudo random bit sequence (PRBS). The modulated optical signal was split into two branches. One branch was amplified using a Praseodymiumdoped-fiber-amplifier (PDFA) and displayed on a digital communication analyzer (DCA). The other branch was first connected to a variable optical attenuator, then an avalanche photodetector (APD) and a bit error rate tester (BERT). The eye diagrams from the 4 lasing peaks are shown Fig. 6(a)-6(d) , along with the filtered spectrum of one of the peaks Fig. 6(f) . Eye diagram of a control experiment conducted using a commercial 1310 nm laser is shown in Fig. 6(e) . Open eye diagrams are observed on all four channels, qualitatively confirming successful data transmission. Testing configuration illustrated in Fig. 7(a) . Recorded bit error rate (BER) as a function of received power is plotted in Fig. 7(b) . At 10 −9 bit error rate, all channels have less than 2.6 dB power penalty compared to the commercial laser. We note that the eye diagrams and receiver sensitivity from different channels are slightly non-uniform most likely because the relative position of the RSOA and silicon chip was drifting over the period of the BER measurement. This drift could be eliminated by bonding the RSOA and silicon chips together using epoxy or by upgrading our alignment stages. 
Conclusion
To conclude, we demonstrate a hybrid external cavity multi-wavelength laser using a QD RSOA and a silicon photonics chip. Four lasing mode at 2 nm spacing and less than 3 dB power non-uniformity were observed, with over 20 mW of total output power. We also show that each lasing peak can be successfully modulated at 10 Gb/s. At 10 −9 BER, the receiver power penalty is less than 2.6 dB compared to a commercial laser. This work demonstrates the possibility of using silicon photonics to build a comb laser source for WDM transmission in future optical interconnection systems.
